The bacterium Myxococcus xanthus alternates between two colony types distinguished by colony morphology and pigmentation. Because the two phases are interconvertible, this phenomenon has been termed phase variation. In one phase, the colonies are bright yellow, rough, and swarming. In the alternate phase, the colonies are tan and mucoid with smooth edges. During exponential vegetative growth, the populations within a colony reach an equilibrium of approximately 99%o yellow and 1% tan cells. Neither the biological function nor the genetic mechanism of phase variation is currently understood. To investigate phase variation, a yellow-phase-specific promoter was identified by TnSlac mutagenesis. A tan-phase-locked mutant was isolated by a strategy, described in this study, which involved introducing a selectable marker expressed under phase-regulated expression. This was accomplished by a fusion of the cloned yellow-phase-specific promoter to a promoterless kanamycin resistance gene. The defect in the phase-locked mutant, given the designation var-683, caused the rate of switching from the tan to yellow phase to be reduced by at least 10'-fold below the wild-type rate of switching. This strain will provide a stable tan population for genetic and biological analysis. Evidence is presented for the existence of a transcriptional regulator which controls the expression of phase-regulated promoters.
Myxococcus xanthus is an heterotrophic, gram-negative bacterium which grows in soil and on decaying organic material (14) . Vegetative cells have been observed to produce two morphologically different colony types, a behavior described as phase variation (2) . The predominant colony type forms rough, swarming, yellow-pigmented colonies with medusoid edges. The second type of colony is unpigmented, with a smooth, mucoid surface and smooth edges. The unpigmented colonies have a tan appearance, and fluoresce under long wave (379-nm) UV light (6) . Cells from colonies in either phase are capable of giving rise to a mixture of colonies in each phase; thus, the phases are interconvertible. Yellow cells of M102 switch to tan at a rate of 10-2 to 10-3 per cell per generation (1 la) . The rate of conversion from the tan to the yellow phase has not been measured but appears to be much higher, resulting in a majority of the population being yellow. A number of studies have evaluated the differences between populations of cells in each phase and have attempted to determine whether environmental factors may cause them to switch from one phase to the other. Among the observations were that the proportion of yellow cells in a population could be increased by UV exposure, high temperatures (36.5°C), or by mitomycin (1) . However, it was not clear whether the conditions selected for yellow variants or whether they induced tan cells to convert to yellow (8) . Yellow cells grow at a faster rate than tan cells either at low cells densities (103 cells per ml) in casein (a complex media) or in low nutrient conditions (0.02% Casitone [hydrolyzed casein]) (15) . However, at high cell densities, or at a higher concentration of nutrients (0.2% Casitone), tan cells grew as efficiently as yellow cells. As the cultures reached stationary phase, the proportion of tan cells increased (lla). It has been suggested that tan cells make an inhibitor of yellow cell growth (1) . The significance of these findings is not clear.
Neither the function nor the mechanism of phase variation has previously been determined. A thorough investigation of phase variation in M. xanthus has previously been hindered by the lack of phase-locked mutants. Such a mutant would be useful in two respects. First, it would allow investigations into the mechanism of switching. Second, it would provide a pure population of either tan or yellow cells to evaluate the biological role of phase variation.
Our goal in this study was to develop tools to initiate the investigation of phase variation. The first step was the identification and cloning of a phase-regulated promoter. The benefit of this was twofold; first, the promoter was used to derive information about the phase-dependent regulation of gene expression, and second, this promoter was employed in the strategy to isolate and characterize a phase-locked mutant.
MATERIALS AND METHODS
Bacteria and media. The bacterium used was M. xanthus M102 (DK1622 [7] ), which is capable of undergoing easily distinguishable phase variation, alternating between the yellow-and tan-phase colony types. Other M. xanthus strains used and made in this study are listed in Table 1 . The cells were grown vegetatively in CIT media containing 1% Casitone, 10 mM Tris-HCl (pH 7.6), 8 mM MgSO4, and 1 mM potassium phosphate (5) . For solid media, 1.2% Acumedia agar was added. Cells were grown at 32°C. Liquid cultures were grown in an air shaker for maximum aeration. For selection, kanamycin was added to a final concentration of 50 ,ug/ml. Cloning procedures were carried out with Escherichia coli C600 in Luria-Bertani media (12) . Ampicillin was added at 100 ,ug/ml, or kanamycin was added at 50 ,ug/ml as required. E. coli mation were carried out as described by Maniatis et al. (12) and according to the manufacturers' specifications. Plasmids were isolated by the alkaline lysis method (12) and purified by equilibrium centrifugation in CsCI-ethidium bromide gradients. Plasmids used and made in this study are listed in Table  1 . For the extraction of chromosomal DNA, a 5-ml culture of M. xanthus log-phase cells was spun at 6,000 X g for 5 min. The pellet was resuspended in 3 ml of TE (10 mM Tris-KCl [pH 7.4], 1 mM EDTA)-1 ml of 4x lysis buffer (1% sodium dodecyl sulfate, 50 mM EDTA, 50 mM Tris-HCl). Proteinase K was added to 50 ,ug/ml and incubated at 47°C overnight. After phenol extraction and gentle rotation for 10 min, the aqueous phase was precipitated in 0.1 volumes of 3 M sodium acetate and 1 volume of isopropanol. DNA was rotated gently until it formed a visible clot. The alcohol was removed with a Pasteur pipet, and the DNA was washed twice in 75% ethyl alcohol. The DNA was resuspended in 0.5 ml of TE and treated with RNase A (20 p,g/ml) for 30 min at 37°C. Phenol-chloroform extraction was followed by precipitation with 0.1 volumes of 3 M NaOAc and 1 volume of isopropanol. The precipitated DNA was washed as described above and resuspended in 0.5 ml of TE. PI specialized transduction. Plasmids containing cloned M. xanthus sequences were transferred from E. coli to M. xanthus by specialized transduction (3, 17) , using phage Pl(clrlOOCmr) (16) . The cloning vector used contains a region of the P1 incompatability genes (Plinc) and the Kmr determinant. By lysogenizing the host strain with P1 selecting for both kanamycin and chloramphenicol resistance (17) 1 h. Na2S203 (5%) was added to neutralize the EMS, and the cultures were shaken for 10 min. Cells were centrifuged at 6,000 x g, washed, and resuspended in TM buffer. A sample of each was diluted and plated to determine the percent viability. Cells from samples with EMS concentrations yielding 30% viability were used for further screening. Colonies were transferred by toothpick to replica plates of CTT-kanamycin and ClTl. The desired phase invariant mutants were identified by their inability to grow on kanamycin.
Disc diffusion assay. To measure the relative activity of the kanamycin phosphotransferase gene, 104 cells were plated in a lawn on CTI plates. A sterile paper disc was placed on the center and 25 ,ul of kanamycin sulfate (10 mg/ml) was added. The kanamycin diffused into the media, making a concentration gradient. The radius measured in millimeters from the center of the disc to the edge of the zone of inhibition was inversely correlated to the expression of KMr.
Plating analysis. To determine the percentage of yellow and tan cells in a given population, a sample was taken from the culture, diluted, and plated in an overlay of soft agar (CTIT medium at 0.7% agar) on solid CTT media. After the plates were incubated 4 to 5 days, the numbers of tan and yellow colonies were counted. In the case of the pigment mutant, the number of colonies in each phase was determined on the basis of colonial morphology by surface plating by spreading on CTol plates.
RESULTS
Identification of a phase-regulated genetic locus. M. xanthus undergoes a phase variation between cells giving rise to yellow-pigmented, swarming colonies (yellow phase) and cells which form nonswarming, mucoid colonies lacking yellow pigmentation (tan phase). To investigate the regulation of phase-dependent gene expression and to facilitate the construction of a strain suitable for the identification of a phase variation (var) mutant, we have identified, cloned, and characterized a genetic locus which is expressed only in yellow-phase cells. We initially reasoned that likely candidates for such genes are those which are required for yellow pigment production (ypp). Furthermore, the ypp genes should be readily identifiable, since ypp mutants would be expected to retain the ability to phase vary between the characteristic swarmer and nonswarmer colonial morphology, yet the swarmer morphology typical of the yellow phase would remain unpigmented.
To isolate ypp mutants, a culture of wild-type M. xanthus M102, containing approximately 99% yellow-phase cells, was mutagenized with TnSlac. The use of this transposon allows isolation of transposon insertion mutants, and by virtue of the promoterless lacZ gene gives the opportunity to identify regulated promoters by the differential expression of (-galactosidase. Of the several thousand colonies resulting from the transposon mutagenesis, approximately 1.3% lacked yellow pigment. Many of these would be expected to simply be xanthus sequences adjacent to the lacZ fusion, was introduced into the wild-type chromosome by homologous recombination. The resulting tandem duplication of the cloned sequences allowed the expression of genes downstream from the cloned promoter, but only if the 5' end of the transcriptional unit was complete. H3, HindIII. (B) Promoter activity from a series of deletion fragments (thin lines) subcloned from the 7.5-kb yellow promoter-containing sequences expressing the ypp operon (stipled box). Lac, expression of ,B-galactosidase from the intact upstream copy of the yellow-phase promoter; Yellow, expression of yellow pigment from the cloned copy of the promoter; var, phase variation proficiency, such that both copies of the promoter are coordinately expressed with colony morphology. tan-phase variants containing an unrelated TnSlac insertion. Some, however, could be nonpigmented mutants due to a ypp::TnSlac insertion mutation. To differentiate between these possibilities, the unpigmented colonies were replated for single colonies and screened for those able to produce both swarmer and nonswarmer morphologies but which remain unpigmented in the swarmer phase. Twenty-seven independently derived unpigmented strains were identified. Of these TnSlac insertions, 50% would be expected to be in the correct orientation to express P-galactosidase from the ypp promoter. Ten of these, when screened for expression of ,B-galactosidase from the lacZ reporter gene of the TnSlac, were found to have differential levels of lacZ expression in the swarmer and nonswarmer colonies. For each of these strains there was preferential Lac expression by the swarmer colonies. These findings are consistent with the formation of a transcriptional fusion between the upstream region of the yellow pigment gene(s) into which the TnSlac elements have inserted and the promoterless lacZ reporter gene of the transposon and provide evidence that at least some of the genes required for production of yellow pigment are regulated at the transcriptional level in a phase-dependent manner.
One of these strains, M729, containing the insertion designated TnSlacQY729 (Fig. 1A) (Fig. 1B) . The resulting plasmid, pREG1490, contained a 7.5-kb BamHI-to-HindIII fragment of cloned DNA. The fragment extends from the BamHI site located near the left-hand end of the TnSlac, at the junction between the IS50 sequences and the 5' end of the lacZ fragment, to a Hindlll site in the M. xanthus DNA upstream of the transposon insertion site (Fig. 1B) .
Demonstration of phase-regulated promoter sequences in cloned Q729 upstream DNA. To determine whether the cloned 7.5-kb fragment in pREG1490 contained a sufficient sequence to promote phase-regulated expression, the plasmid was introduced into a wild-type M. xanthus strain ( Fig. 2A) , and the resulting phenotype was examined. Because the plasmid is unable to replicate in M. xanthus, it can only be maintained in the cell by integration into the bacterial chromosome. This occurs by a single recombination event between the cloned M. xanthus DNA sequences on the plasmid and the homologous chromosomal sequences. This results in formation of a merodiploid strain having duplicate copies of the cloned sequences ( Fig. 2A) To test for the presence of the ypp promoter and phasedependent regulatory regions on the cloned DNA, the plasmid pREG1490 was introduced into yellow-phase wild-type M102 cells by using kanamycin selection ( Fig. 2A) . The integration of all plasmids at the Q729 locus was verified by Southern blot analysis (data not shown). The majority of strains resulting from the integration of pREG1490 were both Lac' and yellow pigmented. These results indicated that the 7.5-kb fragment contained sufficient information for the transcription of the yellow pigment gene(s). The occasional Lac-colony that arose from these experiments was also unpigmented with a nonswarmer morphology characteristic of wild-type tan-phase variants. The frequency at which tan variants appeared among the transductants was consistent with that found in the uninfected wild-type recipient population. Indeed, upon replating 10 of these tan colonies, each was found to give rise to yellow, Lac' variants at wild-type frequencies.
To further localize the promoter sequences within this large fragment, three subclones were tested for their abilities to promote transcription of the ypp gene(s). Each of these fragments, shown in Fig. 2B , extends from the BamHI site of the original 7.5-kb fragment to an internal restriction site or deletion endpoint. When plasmids containing these deleted fragments were transduced into yellow-phase, wild-type M. xanthus as described above ( Fig. 2A) , both the 5-kb (pREG1494) and 2.8-kb (pREG1573) fragments gave results identical to those for the full-length fragment; the majority of colonies were Lac' and yellow pigmented. The occasional colony which appeared Lac-and unpigmented appeared simply to be tan variants, which gave rise to a proportion of yellow-pigmented, Lac' variants when replated. In contrast to the results obtained with the larger fragments, transduction of the plasmid containing the 0.7-kb (pREG1757) (11) fragment into wild-type yellow cells gave rise to uniformly unpigmented colonies. These colonies produced swarmer and nonswarmer colonies, typical of yellow-and tan-phase variants, respectively, yet they remained unpigmented. The expression of lacZ from the intact, upstream copy of the ypp promoter was unaffected; swarmer colonies were Lac', and nonswarmer colonies were Lac-. Therefore, integration of a plasmid containing the 0.7-kb fragment results in a mutant phenotype identical to that of the original ypp::TnSlacfQ729 insertion mutation. These results suggest that this 0.7-kb fragment does not contain sufficient genetic information to allow transcription of the downstream ypp gene(s). A more detailed mapping and analysis of the promoter sequences will be presented elsewhere.
Coordinate expression of duplicate copies of the phaseregulated ypp promoter. In addition to demonstrating the existence of a phase-regulated promoter on subclones as small as the 2.8-kb fragment, the data presented in the previous section also indicate that the two duplicate copies of the ypp promoter were coordinately expressed and that this expression is also correlated with the swarmer colonial morphology. There are two sets of experiments which support this observation. In the first experiment described above, the cloned promoter was integrated by homologous recombination such that the lacZ gene was expressed by the intact promoter and the ypp gene(s) was expressed by the cloned promoter. The plasmid pREG1573, carrying the 2.8-kb subcloned promoter fragment (Fig. 2B) (Fig. 3A) . The resulting plasmid, pREG1541, was introduced into a wild-type yellow strain of M xanthus by P1 transduction (Fig. 3B) Fig. 3B . The hybridization pattern of the locus was used to confirm the arrangement of the integrated vector (data not shown).
Characterization of strain M673 containing the KmrA transcriptional fusion. By analogy with the first set of data, it would be expected that the two copies of the yellow-phase promoters in M673, one directing the expression of Kmr and one directing the expression of yellow pigment, would be coordinately regulated. This should result in yellow-phase cells being Kmr and tan-phase cells being KmS.
To verify the coordinated expression of yellow pigment and Kmr by the two promoters, two assays were used. First, to ask whether all Kmr cells are yellow, 10 tan M673 colonies were individually grown overnight in broth and plated on CTT and CTT-kanamycin. An average of 2,000 colonies grew from each sample, and approximately 75% of the colonies were tan. Only about 500 colonies from each of these cultures survived on CTT-kanamycin, all of which were yellow. In the second assay, to ask whether all yellow colonies were Kmr, more than 500 tan and yellow colonies, grown unselected, were stabbed onto replica plates of CTT and CTT-kanamycin media. After 2 days, the growth from the replica stabs from the yellow colonies was yellow and swarming on both types of media. Growth from tan colonies was tan and mucoid on CTT. However, growth from tan-derived colonies on CTT-kanamycin was delayed by an additional 2 days compared with yellow colonies on CTTkanamycin, and growth was yellow and swarming. We interpret this growth to be the result of a preexisting subpopulation of cells in the colony which were in the yellow phase. The results from these assays showed that all Kmr colonies were yellow and that all yellow colonies were Kmr, indicating that the duplicate promoters were coordinately regulated. This evidence is consistent with the results with the yellow-phase Lac expression described earlier.
Isolation of a mutant unable to undergo phase variation.
Strain M673, which expressed Kmr in only the yellow phase, was used for isolating a phase variation-deficient mutant. Individual cells in the yellow phase are resistant to kanamycin; those in the tan phase are sensitive. A wild-type phase variation-proficient (var+) tan colony contains as many as 25% yellow cells. These yellow-phase cells within the colony express kanamycin resistance and will survive and grow if the colony is replica plated onto kanamycin. In contrast, a tan-phase mutant (var mutant), defective in its ability to switch to the yellow phase, would not have yellow-Kmr variants within the colony and would not survive when replica plated onto kanamycin.
The method used for the screening of a mutant which was unable to switch from the tan to yellow phase involved first mutagenizing a population of the tan variant of M673 with EMS and plating the cells which were unselected. Over 4,000 surviving tan colonies were transferred by toothpick to CT1T
and CTT-kanamycin replica plates and screened for a tan mutant (on CTI) unable to grow on kanamycin. Six mutants which were tan and did not grow on CTT-kanamycin were isolated by this strategy. These were further screened for the ability to produce yellow variants by culturing an isolated colony of each and plating for 2,500 colonies. In one of these six mutants, M678, no yollow colonies appeared. Thus, M678 was selected for furthef'study on the basis of its stability in the tan phase. Characterization of a tan-Kms mutant. To define the nature of the mutation in the tan-Kms mutant strain M678, isolated above, it was compared with the var+ parent M673 with respect to its rate of switching from the tan to the yellow phase and for the characteristic phenotypes of tan and yellow variants, in particular pigmentation and morphology, and the coordinate expression of Kmr and Lac in the yellow phase. The rate of switching was compared by counting the number of yellow variants in a population of mutant tan cells versus that in a var+ tan population. The assay was carried out by culturing single, isolated tan colonies from the M678 mutant (5 samples) and the var+ strain M673 (35 samples). Care was taken to choose colonies which were of uniform size, age, and morphology. The cultures were sampled in mid-log phase by diluting and plating 4,000 colonies, which were counted, and the number of yellow colonies were tabulated ( Table 2 ). The cell density of the test culture was recorded in order to note whether the age or density of the culture correlated with a change in the number of yellow cells. The results showed that there was no apparent correlation between the cell density or age of the culture at the time of sampling and the occurrence of yellow colonies in the population. var+ tan populations contained an average of 25% yellow colonies (the numbers ranged from 3.6 to 61% among the different samples). If the switching event occurred early in the growth of a culture, there would be a higher number of yellow colonies in the plating, thus accounting for the variability. In the mutant tan popula- plasmid pREG402 contains the kanamycin resistance (neomycin phosphotransferase) gene cloned from Tn5. The BglII site separates the promoter from the structural gene for Kmr. The promoter was deleted by digesting pREG402 with HindIll and BglII. M. xanthus sequences, containing the yellow-phase promoter, were purified from plasmid pREG1490, digested with BamHI and HindIll, and ligated into pREG402 cut with Hindlll to BamHI. The resulting plasmid, pREG1500, contained the yellow-phase promoter in the correct orientation to express Kmr in M. xanthus. The BamHI and BglII sites ligated at the junction, designated B/BglII°, were rendered nonfunctional. pREG1500 was subsequently digested with BamHI and BglII to purify the 2.8-kb promoter sequences plus KmrA fusion fragment. This fragment was ligated into the BamHI site of cloning vector pREG1454. The Tcr determinant on a BglII fragment was cloned into the BamHI site, forming pREG1541. (B) The entire plasmid pREG1541 was transduced into M. Table 2 ). The rate of switching from tan to yellow in the mutant, thus, was reduced by at least 103-fold from the rate in the var+ parent.
The appearance of a rare yellow colony in the tan mutant strain was significant, because it indicated that the mutant was still capable of switching from tan to yellow, but the rate of switching was dramatically reduced compared with that of the wild-type. The tan-to-yellow switching event also confirmed that M678 was not simply a pigment mutant. A rare yellow variant of the M678 mutant was similarly compared with a var+ yellow parent. Surprisingly, the yellow variant of the mutant strain was less stable than the var+ yellow ( Table 2) . A mutant yellow colony contained approximately 10% tan cells compared with less than 1% in a var+ colony. Second-generation tan variants derived from the rare yellow-phase variant of the mutant M678 were assayed (35 samples) for the rate of switching. The number of yellow colonies which appeared in a population of this tan variant averaged 0.015%, indicating that it maintained the behavior of the original mutant M678. This result indicated that the mutation was stable and the yellow variant had not been a spontaneous reversion to the wild type.
The phenotypes of tan-and yellow-phase variants of the mutant were compared with the characteristic phenotypes of the wild-type parent. The colony morphology and pigmentation of M678 were typical of a tan colony. It is important to note that the appearance of the yellow variant of M678 was indistinguishable from wild-type yellow colonies, with respect both to pigment and to colony morphology. The activity of the Kmr gene was assayed by the disc diffusion assay. In this experiment, 104 cells were plated to form a confluent lawn on a plate of CTT media. Kanamycin was added to a paper disc at the center (Table 2) . On a plate of yellow M673, the lawn grew to within 9 mm of the center of the disc. A lawn of wild-type tan colonies formed two concentric zones surrounding the disc. The first zone, from 9 to 20 mm from the center, was yellow. Beyond this zone the lawn of colonies remained tan. The growth of the mutant tan variant left a zone of inhibition with a radius of 20 mm. The results of the disc diffusion assay demonstrated the phenotype of a tan population devoid of yellow-Kmr variants. The mutant yellow variant grew to within 10 mm, indicating that it expressed Kmr at levels equivalent to those of the parent yellow variant. To look for the phaseregulated expression of 0-galactosidase from the yellow promoter, pREG1573 was introduced into the mutant, as previously described for the wild-type strain. All of the approximately 3,000 primary transductants were tan and Lac-. Subsequent platings yielded a few yellow colonies which were also Lac'.
On the basis of these results, the defect in the mutant M678, given the designation var-683, was shown to be in the regulation of the rate of switching. Although at an extremely reduced rate, the mutant was still capable of undergoing phase variation. The frequency at which tan cells are converted to yellow was reduced by more than 103-fold below wild-type levels, and the frequency of yellow cells converting to tan cells is increased in the mutant, the result being a population with a strong bias to the tan phase. The rare yellow variants which occurred maintained the phenotypes characteristic of a wild-type yellow variant. These phenotypes, pigmentation, colony morphology, kanamycin resistance, and Lac expression from the cloned yellow-phase promoter, were coordinately expressed in the mutant strain M678.
DISCUSSION
The work described in this paper was performed to begin the investigation of the biological role and molecular mechanism of phase variation in M. xanthus. Two major steps toward accomplishing this goal were, first, the identification of a phase-regulated promoter, and second, the successful attempt to isolate a phase variation mutant. The promoter was identified by using the TnSlac promoter probe (Fig. 1A) . The promoter was shown to be expressed only in the yellow phase and was shown to be contained within a 2.8-kb cloned fragment (Fig. 1B) . The cloned promoter was useful in providing preliminary information about the regulation of phase variation and also was used as a key component in a scheme to facilitate the identification of a phase-locked mutant.
The mechanism of phase variation in M. xanthus would be predicted to include three regulatory components. First, the genes which express a phase-associated phenotype would be expected to contain a cis-active regulatory element, in or near the area of the promoter, which could be shown to be sufficient for phase-specific expression of these genes. Second, a transacting transcriptional regulator, which recognizes the phasespecific promoter, would regulate its expression. The presence of a transcriptional regulator, which interacts with the yellowphase specific promoters, would be demonstrated if multiple copies of the promoter were coordinately expressed.
A third possible component of the phase-variation mechanism is a switch determinant such as the invertible segment of Salmonella DNA previously described (17a). Such a switch determinant, which alternates from one state to another to, either directly or indirectly, confers global regulation of all phase-associated phenotypes, including yellow pigment and swarming morphology. The state of the switch might be determined by an internal program or in response to an environmental stimulus. If such a switch determinant exists, one possibility is that it is located adjacent to the yellow-phaseregulated promoter and directly regulates the yellow promoter in a cis configuration. If that were the case, it would be expected that each of the duplicate yellow promoter-containing fragments would contain a copy of the switch locus. Each switch locus could act independently, with one copy of the yellow promoter turned on and the second turned off, such that occasionally, one cell might express the two phenotypes in opposite phases simultaneously. Thus, one would expect to see, for example, in addition to the transductants, which expressed the yellow-Lac+ and tan-Lac-phenotypes, occasionally transductants in which the yellow-Lac-and tan-Lac+ noncoordinated phenotypes would occur. Alternately, the cis-acting switch determinant might lie elsewhere in the chromosome, for example, near the gene for the transcriptional regulator, which acts in trans to regulate both copies of the cloned promoter and colony morphology in a coordinate fashion.
The experiments in this study showed that the 2.8-kb BglIIto-BamHI DNA fragment cloned from the locus Q29 contained promoter sequences sufficient to allow phase-regulated expression of yellow pigment, as well as two different reporter genes expressing ,-galactosidase and kanamycin resistance. In each of these experiments, a second copy of the promoter was introduced, such that one copy directed the expression of yellow pigment and one directed a reporter gene, and the two promoters were coordinately expressed with respect to each other and to colony morphology. This indicates that a transcriptional regulator is available in the cell, which acts simultaneously on all promoters of a particular type. It is not yet possible to predict whether this molecule acts through a positive or negative effect. Since there was no evidence for independent expression of either yellow pigment and 0-galactosidase or kanamycin resistance, the switch determinant apparently is not adjacent to the yellow-phase promoter at locus Q729. The restriction pattern of this locus was compared in tan and yellow cells by Southern analysis (data not shown). There was no detectable difference, indicating that there was not a major chromosomal rearrangement associated with phase. These results again indicate that a switch determinant does not lie adjacent to the promoter required for expressing the yellow pigment.
The isolation of a phase-locked mutant is a crucial step towards understanding the molecular mechanism of switching. Cells from the stable tan-phase mutant M678 exhibit all the phase-associated characteristics of normal tan-phase cells except for the frequency at which the conversion to yellow-phase cells occurs. M678 is capable of switching but does so at an extremely reduced rate, 103-fold lower than wild-type M102, resulting in a stable tan population. The locus containing the mutation behaves as a single locus which causes a defect in the regulation of phase variation and was given the designation var-683. A series of transductions was performed to determine that the mutation at the var-683 locus was not genetically linked to the yellow-phase promoter sequences at locus Q729 (data not shown). The behavior of the mutant adds information about the transcriptional regulator. It was observed that duplicate promoters in the mutant background were still coordinately regulated, expressing yellow pigment and either Lac or Kmr phenotypes. Therefore, the transcriptional regulator was still fully functional, when it was expressed, but was expressed less frequently than in wild-type strains. This indicated that the mutation var-683 was in a locus which regulates the expression of the transcriptional regulator. Although it is possible that the mutation reduces the activity of the regulator, it seems less likely that the mutation is in the structural gene itself.
The rare yellow variants of the mutant maintained the coordinated expression of the phase-regulated phenotypes as found in the var+ parent. An additional observation, made while comparing the stable tan-phase mutant to wild-type populations, complicates the model for the switch mechanism. A typical wild-type yellow colony contains approximately 99% yellow cells, and tan colonies contain about 25% yellow cells. The proportion is reversed in the mutant, where the rare yellow colonies contain about 10 to 25% tan cells, and tan colonies contain at least 99% tan cells. The significance of these numbers is not clear, but they may eventually shed light on the regulation of the switch mechanism. The altered rates of switching caused a bias to the tan phase; thus, the stable tan-phase mutant will provide a useful strain for biological analysis by allowing comparison of a tan population of cells to a yellow population.
By combining the evidence derived in this study, it is suggested that the switch determinant, which was shown not to be linked to the phase-regulated promoter, may instead control the expression of the transcriptional regulator. Further, the var-683 mutation seems to affect the expression of the transcriptional regulator. Since the mutation also is not linked to the phase-regulated promoter, it could be argued that the mutation occurred in the switch determinant. Thus, by utilizing the tools and information developed in this study, we should be only a step away from locating the switch determinant in M. xanthus. Continuation of investigations from this point should lead to an important contributions toward understanding phase variation in M. xanthus.
